The p53 tumor suppressor gene product is negatively regulated by the product of its downstream target, mdm2. The deletion of mdm2 in the mouse results in embryonic lethality at 5.5 days post coitum (d.p.c.) which can be overcome by simultaneous loss of the p53 tumor suppressor, substantiating the importance of the negative regulatory function of MDM2 on p53 function in vivo. Hence, the loss of MDM2 allowed the unregulated p53 protein to continuously exert its growth-suppressing activity, which either led to a complete G1 arrest or induced the p53-dependent apoptotic pathway, resulting in the death of the mdm27/7 embryos. To determine which of these possibilities is occurring, mouse embryo ®broblasts (MEFs) from p53 null and p53/mdm2 double null embryos were transfected with a retroviral vector carrying a temperature-sensitive p53 (tsp53) cDNA. Shifting of single-cell clonal populations to the permissive temperature caused the p537/7mdm27/7 ®bro-blasts expressing tsp53 to undergo apoptosis in a dosedependent manner. This phenotype was not observed in the tsp53 expressing p537/7 clones nor the parental cell lines. Thus, our data indicate that the simple loss of mdm2 can induce the p53-dependent apoptotic pathway in vivo.
Introduction
The tumor suppressor p53 is the most frequently mutated gene in human cancer to date, with mutations consisting of either deletions, point mutations, or both (Hollstein et al., 1991; Caron de Fromentel and Soussi, 1992) . The reintroduction of wild type (wt) p53 into tumor cell lines decreases their tumorigenic potential Chen et al., 1990; Diller et al., 1990; Johnson et al., 1991; Marshall, 1991) . The involvement of p53 in tumorigenesis was further substantiated by the generation of p537/7 mice, which proved susceptible to tumor development at a young age (Donehower et al., 1992; Jacks et al., 1994) .
p53 is a transcriptional activator (Raycroft et al., 1990 (Raycroft et al., , 1991 Fields and Jang, 1990; Kern et al., 1991) , some of whose downstream targets include the cyclindependent kinase inhibitor p21/Waf1/Cip1 (Gu et al., 1993; Harper et al., 1993; Xiong et al., 1993; Dulic et al., 1994) , the apoptosis eectors bax (Miyashita et al., 1994; Miyashita and Reed, 1995; Friedlander et al., 1996; Ludwig et al., 1996) , Fas/Apo1 (Itoh et al., 1991; Owen-Schaub et al., 1995; Tamura et al., 1995; Muller et al., 1998) , and IGF-BP 3 (Buckbinder et al., 1995) , the potential cell cycle regulator cyclin G (Okamoto and Beach, 1994; Zauberman et al., 1995) , and p53's own negative regulator, mdm2 (Barak and Oren, 1992; Wu et al., 1993) . Consistent with the function of these downstream targets, experimental results have implicated p53 in mediating cell cycle arrest Kuerbitz et al., 1992) and apoptosis (Lowe et al., 1993; Clarke et al., 1993; Gottlieb and Oren, 1998) upon DNA damage. The exact mechanisms by which p53 exerts its functions remain elusive. However, one suggested pathway involves the transcriptional activation of candidate downstream target genes, which in turn exert their functions upon the cell (Gottlieb and Oren, 1996; Ko and Prives, 1996) .
One downstream target of p53, mdm2, encodes a potent inhibitor of p53 transactivation function (Momand et al., 1992; Barak et al., 1993; Wu et al., 1993) . About 36% of human sarcomas and some other tumor types have ampli®ed mdm2 (Oliner et al., 1992; Sheikh et al., 1993; Cordon-Cardo et al., 1994; Momand et al., 1998) , leading to loss of p53 function and tumorigenesis. Recent evidence showed that MDM2 induces rapid degradation of p53 by ubiquitin-mediated proteolysis (Kubbutat et al., 1997) ; Haupt et al., 1997) . These interactions implicate p53 and MDM2 in a negative feedback loop regulating p53 function in the cell (Piette et al., 1997; Lozano and Montes de Oca Luna, 1998) .
The deletion of mdm2 in the mouse results in an embryonic lethal phenotype by 5.5 d.p.c. Jones et al., 1995) . Therefore, mdm2 is necessary for normal embryonic development. A double deletion of mdm2 and p53 results in viable pups Jones et al., 1995) , substantiating the importance of the negative regulatory function of MDM2 on p53 during development.
In order to investigate the mdm2 null phenotype in more detail, we attempted to establish mdm2 null embryonic stem cells in culture. However, these cells were not viable (McMasters et al., 1996) . Therefore, to examine the role of MDM2 in p53-mediated growth arrest or apoptosis, we took advantage of the viability of p537/7mdm27/7 ®broblasts in culture. We established an experimentally amenable system by stably introducing a temperature-sensitive p53 (tsp53) point mutant, p53A135V (Martinez et al., 1991; Michalovitz et al., 1990; Gannon and Lane, 1991) , into p537/7 and p537/7 mdm27/7 mouse embryo ®broblasts (MEFs) using a retroviral infection procedure. An SV40-driven puromycin cassette on the same vector allowed selection. Clonal populations were analysed for expression of p53 and growth characteristics at permissive (328C) and restrictive (398C) temperatures. Several clonal populations that were null for mdm2, but not those which retained mdm2, showed signi®cant growth reduction at the permissive temperature. This was accompanied by extensive apoptosis, as determined by FACS and TUNEL analysis. Our data indicate that the absence of mdm2 promotes p53-dependent apoptosis in ®broblasts in culture. Furthermore, the amount of p53 present in the clonal population determined the extent of apoptosis.
Results

Retroviral infection of mouse embryo fibroblasts
Early passage MEFs established from p537/7 and p537/7mdm27/7 embryos were infected with a retroviral vector containing the tsp53 gene and a puromycin cassette (Figure 1 ). After infection, puromycin-resistant cells were maintained as infected pools in the continuous presence of the drug. Expression of p53A 135 V in each pool was con®rmed by immunoprecipitation analysis, employing a mixture of p53-speci®c monoclonal antibodies (data not shown). So that the cells characterized were homogeneous, individual clones were isolated from the infected pools of p537/7 and p537/7mdm27/7 MEFs under selective conditions (2.5 mg/ml puromycin) by plating an average of 20 ± 30 cells per 10-cm culture dish and harvesting and expanding these individual colonies. An average of 50 clones were isolated per genotype. The series of p537/7 clones and p537/7mdm27/7 clones were denoted K and D, respectively.
Retrovirally infected cells express p53
To quantitate p53 protein in the dierent clonal populations we used the speci®c¯ow cytometric assay developed by Kastan et al. (1991a, b) . Each population analyzed by FACS was of clonal origin and was gated to the parental lines, 35-8 (p537/7) or 174-2 (p537/ 7mdm27/7). As a control we chose A1-5 cells, highly overexpressing the tsp53 protein, which showed 74.2% of the FITC label above background (Figure 2 ). The clonal K and D populations were grown at 398C such that p53 was maintained in the mutant conformation, which has a prolonged half-life due to increased stability (Michalovitz et al., 1990; Martinez et al., 1991; Gannon and Lane, 1991) . The relative levels of FITC uorescence varied in the clonal populations from 12.9 to 55.1% for the D lines and from 20.2 to 42% for the K lines. For comparison purposes we set the background FACS levels of the respective parental cell lines equal to one and calculated the fold increase in p53 levels for the clonal lines ( Figure 2b ). As a control for endogenous wt p53 levels we used NIH3T3 cells, which have very low levels of p53 not readily detectable by experimental analysis unless upregulated by irradiation or drug treatment (Tishler et al., 1993 and references therein) . Untreated NIH3T3 cells show, as expected, no signi®cant levels of p53 protein, whereas cells treated with 15 J/m2 of UV irradiation and harvested 24 h post-irradiation showed an upregulation of p53 protein ( Figure 2b ). For both genotypes, the p53 protein levels varied among the clonal lines. Some have similar levels and 174-2 (=/=) were set at 1 and the fold increase in p53 levels of the clonal lines as compared to the respective parentals is shown. NIH3T3 cells have very low levels of p53 which are upregulated upon UV treatment when compared to the p537/7 line of p53 when compared to untreated NIH3T3 cells (e.g. D22) while others have signi®cantly higher levels of p53 than found in untreated NIH3T3 cells (e.g. D9, K56 etc.) (Figure 2b) .
To verify the presence of p53 protein, protein levels were examined by immunoprecipitation. Cells expressing tsp53 were grown at 398C and labeled cells were immunoprecipitated with a mixture of p53-speci®c antibodies and subjected to SDS ± PAGE analysis (Figure 3) . We used wt MEFs as a positive control, as UV irradiation (10 J/m 2 ) of wt MEFs upregulates endogenous p53 levels signi®cantly, and allows detection. A band corresponding to p53 was detected in clones that were positive for p53 by FACS analysis. We could not detect p53 protein in the clones when grown at 328C. This could be due either to the low amounts of wt p53 present, decreased half-life of p53, or the onset of p53-dependent apoptosis.
Expression of wt p53 alters cell cycle behavior
To examine the eects of wt p53 on the growth properties of the dierent clones, the growth characteristics of the parental lines 35-8 (p537/7) and 174-2 (p537/7mdm27/7) were compared to selected clones at 398C and 328C. We expected to see a wt phenotype at 328C but not at 398C, when p53 is mutant and nonfunctional. An equal number of cells was plated at the two temperatures, and viable cells were counted after 2 or 6 days ( Figure 4 ). After 6 days in culture all cell lines expressing tsp53 in an mdm2-null background showed a signi®cant decrease in growth at 328C compared to the parental line 174-2 (p537/ 7mdm27/7) (Figure 4 ). This was not evident in most of the K-lines examined, although some K lines grew slightly slower at 328C (e.g. K57) than the parental line.
That some clones containing detectable levels of p53 exhibited dierent growth characteristics at 328C led us to conduct a more detailed analysis of cell cycling behavior. Cell lines were grown at the permissive (328C) and restrictive (398C) temperatures and analysed by FACS analysis. None of the clones, irrespective of whether they expressed or lacked mdm2, exhibited an increased G1 or G2 arrest when compared to the parental lines (data not shown). However, 2 days after the temperature switch, some of the double-null clones (D9, D22, D6) underwent signi®cantly more apoptosis when grown at 328C than the parental line 174-2 (p537/7mdm27/7) ( Figure  5 ). Cell line D9 exhibited 80% apoptosis when switched to 328C. D22 and D6, which also lacked mdm2, exhibited 20 ± 60% apoptosis following p53 activation at 328C. None of the p537/7 cell lines expressing the tsp53 allele showed substantial apoptosis. Importantly, both populations of cells expressed comparable levels of p53 (Figure 2 ). In fact, while clone D6 expressed lower levels of p53 than K50 or K56 (Figure 2 ), D6 exhibited apoptosis whereas K50 and K56 did not. Hence, the presence or absence of the mdm2 allele is the determining factor for the ability of p53 to trigger apoptosis in this cell system. Interestingly, the extent of apoptosis observed at 328C within the D clones also depended on the levels of p53 present. Higher levels of p53 in a double null background correlated with a greater percentage of cells that underwent apoptosis (compare Figures 2 and  5) .
Apoptosis was veri®ed by conducting a TUNEL assay. Cells were plated at 328C and 398C and analysed for apoptosis. NIH3T3 cells treated with 1 mg/ml DNase I to induce DNA strand breaks were used as a positive control (Figure 6 ). In order to calculate the percentage of cells positive for TUNEL, ®ve separate ®elds were chosen and the percentage of positive cells was calculated (Figure 6b ). At 4 h the D9 cell line grown at 328C showed signi®cant DNA fragmentation, a hallmark of apoptosis, but not so when grown at 398C (Figure 6a ). The extent of apoptosis in these clones correlated with the reduced growth rate at 328C (Figure 4 ) and protein (Figures 2 and 3) . In contrast, the K104 and K57 cell lines containing endogenous mdm2 did not exhibit apoptosis at either temperature at 4 h, nor did the parental control lines 35-8 and 174-2. Later timepoints did not reveal apoptosis in the K lines nor the parental lines tested.
In summary, we generated clonal cell lines expressing a tsp53 allele in either a wt or mdm2 null background. Cells lacking mdm2, unlike those retaining mdm2 expression, were sensitive in a p53 dose-dependent manner to apoptosis induction. To our knowledge, this is the ®rst report demonstrating that mdm2 serves as the critical determinant of the ability of p53 to induce apoptosis.
Discussion
The absence of mdm2 is lethal to normal embryonic development due to the loss of inhibition of p53 activity (Jones et al., 1995; Montes de Oca Luna et al., 1995) . Embryonic stem cells null for mdm2 also do not grow in culture (McMasters et al., 1996) . Both lack of development and absence of growth in culture are rescued by concomitant deletion of p53. We established a cell culture system to re-create the in vivo system whereby loss of mdm2 leads to the death of early embryos. In order to examine the cause of embryo loss we introduced a tsp53 allele into p53 null and p53/ mdm2 double-null mouse embryo ®broblasts from the same background. Use of a retrovirus ensured single or low copy number integration and, more importantly, low levels of p53 expression, similar to wt conditions. In fact, as with any normal, nonimmortalized mouse cell in culture it was dicult to detect p53 protein in our system. In this experimental system, we compared the results of expression of p53 in the presence or absence of mdm2. We demonstrated that the absence of mdm2 in MEFs led to p53-dependent apoptosis even in the presence of relatively low p53 levels. None of the clones null for only p53, harboring the tsp53 gene, nor the parental lines 35-8 and 174-2 exhibited an apoptotic response when grown under identical experimental conditions. These data provide evidence that p53 in the absence of mdm2 induces apoptosis.
Another important observation in this system is that not only was apoptosis dependent on the absence of mdm2, but the levels of p53 determined the extent of cell death. Previous work using human cancer lines which overexpress dierent levels of a tetracyclinea b Figure 6 Apoptosis is detected by TUNEL in clones lacking mdm2. Cells were plated at 328C and 398C for 4 h and subjected to an in situ cell death detection assay. (a) The parental cell lines 174-2 (p537/7mdm27/7) and 35-8 (p537/7) did not exhibit apoptosis when grown at either temperature (A ± D). The cell line D9 showed apoptosis at 328C (F) but not at 398C (E). There was no apoptosis detectable in the K104 cell line at either temperature (G, H). As a positive control for apoptosis NIH3T3 cells were treated with 1 mg/ml of DNaseI in order to induce DNA strand breaks (J). (b) Total cells were counted in ®ve separate ®elds as visualized under the microscope. Histogram representing the average percentage of TUNEL positive cells p53-dependent apoptosis by loss of mdm2 S de Rozieres et al inducible p53 (Chen et al., 1996) , or gamma-irradiation of mouse intestinal crypt cells either wt, heterozygous or null for p53 (Clarke et al., 1994) , established similar results. Our data show that the amount of apoptosis induced in the lines lacking mdm2 directly correlated with the levels of p53. This result underscores the importance of the genetic background (loss of mdm2) as well as the amount of p53 present in the cells for determining p53-dependent function. Overexpression of wt p53 causes growth arrest in murine ®broblasts (Michalovitz et al., 1990) and in most irradiated cell types in culture (Kastan et al., 1991b Kuerbitz et al., 1992) . In our system, we did not see growth arrest probably due to the low levels of p53 being expressed. The tsp53 protein in p53 null cells with an endogenous mdm2 gene is likely down-modulated by MDM2 as a direct result of transcriptional activation of the mdm2 gene by p53 (Momand et al., 1992; Oliner et al., 1993) . Thus, the levels of p53 do not overwhelm our system, as they do in other examples.
In contrast to the p53-dependent growth arrest phenotype in ®broblasts, murine leukemia cells and irradiated thymocytes undergo apoptosis more readily (Yonish-Rouach et al., 1991; Clarke et al., 1993; Lotem and Sachs, 1993; Lowe et al., 1993) . Hence, cell type speci®city appears to regulate p53-mediated function. Our data indicate that in the absence of mdm2 ®broblasts can induce apoptosis, suggesting that cell type speci®city may be due to the levels of mdm2 expressed. Since the lack of MDM2 appears to be a critical determinant of the pathway initiated by functional activation of p53, modi®cation of p53, such as phosphorylation at serine 15, which inhibits interactions with MDM2 (Mayo et al., 1997; Shieh et al., 1997) , may also be a critical cell type-speci®c determinant of apoptosis. Alternatively, lack of MDM2 may allow p53 to bind other proteins that cooperate to induce apoptosis.
In addition, we observed that p53-dependent apoptosis in the clonal ®broblasts was cell cycle dependent. Ryan et al. (1993) observed similar results using murine erythroleukemia cells. The cell lines had to be density-arrested at 398C in order to undergo apoptosis when split into 328C (data not shown). These data suggest that wt p53, as previously reported, exerts its main function in G1 (Mercer et al., 1990; Lin et al., 1992; Yonish-Rouach et al., 1993; Dee et al., 1995) and can only induce cell death when the cell has arrested in G0. Upon release from density arrest into G1, the double null clonal lines are able to initiate the apoptotic process.
In this system, apoptosis also appeared to occur very rapidly. Previous reports show that the tsp53 protein, when switched to 328C, changes to wt conformation and localizes to the nucleus (Martinez et al., 1991; Ginsberg et al., 1991; Gannon and Lane, 1991) . By 4 h the majority of cells contain nuclear p53. Hence, the apoptosis observed at 4 h in the double null clones containing the tsp53 allele coincided with entry of p53 into the nucleus and a change in functional character of p53, possibly in¯uenced by the absence of mdm2.
In summary, we show that in this system the presence or absence of mdm2 is a critical determinant for p53-dependent apoptosis. The loss of mdm2 promotes p53-dependent apoptosis in MEFs in a cell cycle and dose-dependent manner. This system will allow a more detailed biochemical analysis of the mechanism of p53-dependent apoptosis.
Materials and methods
Retroviral cell infection
HEK 293T cells (Pear et al., 1993) were seeded on gelatincoated dishes at a density of 1.5610 6 cells per 10-cm dish. After 24 h, the cells were transfected with 10 mg of pBabePuro-p53vall35 (Figure 1 ) DNA and 10 mg of the C 7 ecotropic packaging vector pSV-C 7 E-MLV plasmid providing ecotropic packaging helper function (Muller et al., 1991) . Transfection was performed by the calcium phosphate coprecipitation method in the presence of 25 mM chloroquine. Virus-containing culture supernatants were collected at 6 ± 12 h intervals, starting 36 h after transfection. For infection experiments, 35-8 (p537/7) and 174-2 (p537/7mdm27/7) cells (McMasters et al., 1996) were seeded at a density of 10 5 cells/6-cm dish, and several hours later infected with the recombinant p53vall35 retrovirus by incubation with 1.5 ml of virus-containing culture supernatant in the presence of 8 mg/ml polybrene (Sigma). After 24 h, infected cultures were subjected to selection in the presence of 2.5 mg/ml puromycin, and single clonal populations were isolated.
Cell lines and cell culture
Retrovirally infected cells and the parental lines 35-8 (p537/7) and 174-2 (p537/7mdm27/7) were cultured in an atmosphere of 8% CO 2 in air in DMEM (10%FBS) either at 398C or 328C. Con¯uent cell cultures were trypsinized, and 1610 5 cells were plated in duplicate in 10-cm dishes and grown either at 328C or 398C. Cells were counted using a hemocytometer 2 or 6 days after temperature switch. FACS analysis was used to measure apoptosis.
Immunoprecipitation of p53
Cells (10 7 ) grown in 10-cm dishes were labeled for 30 min with 100 mCi of 35 S-methionine-cysteine (ICN) in 2 ml of methionine-and cysteine-free DMEM (Gibco BRL). Cellular proteins were then extracted by lysing cells in lysis buer (50 mM Tris-HCl [pH 8.0], 5 mM EDTA, 150 mM NaCl, 0.5%(v/v) Nonidet P-40, 2X protease inhibitor cocktail complete TM [Boehringer Mannheim, Cat. No. 1697498] ) and precleared for 10 min at 48C with 20 ml of protein A Sepharose beads (Sigma). The protein A Sepharose beads were centrifuged out, and the supernatant was immunoprecipitated with a mixture of the p53 monoclonal antibodies PAb421, PAb242, PAb240, PAb248, and Bp53-12 (Santa Cruz Biotechnology) overnight at 48C. Immune complexes were collected with 20 ml of protein A Sepharose beads, washed two times in SNNTE buer (5%(w/v) sucrose, 1% (v/v) Nonidet P-40, 0.5 M NaCl, 50 mM Tris-HCl [pH 7.4], 5 mM EDTA) and one time in RIPA buer (0.05 M Tris-HCl [pH 7.4], 0.15 M NaCl, 1%(v/v) Triton X-100, 0.1%(w/v) SDS, 1%(w/v) sodium deoxycholate) and resuspended in 20 ml Laemmli sample buer. Proteins were electrophoresed in a 10% polyacrylamide gel, and the dried gel exposed to Kodak X-ray ®lm.
Flowcytometric analysis
Cells were grown at permissive or restrictive temperatures and harvested by trypsinization. The cell pellets were ®xed, permeabilized, and incubated with the monoclonal antibodies PAb421 and PAb248 for 15 min at room temperature. The pellets were washed twice with PBS and incubated with the secondary antibody (FITC-conjugated, Santa Cruz Biotech-nology) for 15 min at room temperature while protected from the light. The PBS-washed pellets were then resuspended in propidium iodide stain (50 mg/ml propidium iodide [Sigma] , 1%(v/v) Tween 20, and 10 mg/ml RNase A). p53 and DNA content were determined by quantitative¯ow cytometry using a Coulter Counter EPICS Pro®le Analyzer.
TUNEL assay
TUNEL was performed using an in situ cell death detection kit (Boehringer Mannheim) to analyze the cells for apoptosis. 10 5 cells were plated on glass coverslips in 10-cm dishes in DMEM and incubated for 4 h at 328C and 398C. The coverslips with attached cells were removed from the medium and washed in PBS, and the cells were treated to determine apoptosis according to the manufacturer's instructions. As a positive control for apoptosis, ®xed and permeabilized NIH3T3 cells were treated with 1 mg/ml DNase I for 10 min at room temperature.
